Farber disease is a rare lysosomal storage disorder (LSD) caused by a deficiency of acid ceramidase (AC) activity and subsequent accumulation of ceramide. Currently, there is no treatment for Farber disease beyond palliative care and most patients succumb to the disorder at a very young age. Previously, our group showed that gene therapy using oncoretroviral vectors (RV) could restore enzyme activity in Farber patient cells. The studies described here employ novel RV and lentiviral (LV) vectors that engineer co-expression of AC and a cell surface marking transgene product, human CD25 (huCD25). Transduction of Farber patient fibroblasts and B cells with these vectors resulted in overexpression of AC and led to a 90% and 50% reduction in the accumulation of ceramide, respectively. Vectors were also evaluated in human hematopoietic stem/progenitor cells (HSPCs) and by direct in vivo delivery in mouse models. In a xenotransplantation model using NOD/SCID mice, we found that transduced CD34 + cells could repopulate irradiated recipient animals, as measured by CD25 expression. When virus was injected intravenously into mice, soluble CD25 was detected in the plasma and increased AC activity was present in the liver up to 14 weeks postinjection. These findings suggest that vector and transgene expression can persist long-term and offer the potential of a lasting cure. To our knowledge, this is the first report of in vivo testing of direct gene therapy strategies for Farber disease.
INTRODUCTION
Lysosomal storage disorders (LSDs) are a group of over 40 distinct metabolic conditions resulting from deficient activity of enzymes involved in macromolecule digestion. While individually their prevalence is low, as a group they can occur at high frequencies (up to 1 in 7,700) in some populations [1, 2, 3] . Farber disease is a rare, autosomally inherited LSD caused by mutation of the gene (ASAH1) encoding N-acylsphingosine deacylase (acid ceramidase, AC; EC 3.5.1.23), a protein that catabolizes the hydrolysis of ceramide into sphingosine and free fatty acids [4, 5] . While the phenotype of the disease varies, most patients present with a characteristic triad of symptoms: subcutaneous granulomas, a hoarse cry, and painful swollen joints [4] . In the classic and most severe type of Farber disease, patients also show progressive neurological deterioration and patients typically die by the age of two [4] .
Treatment consists primarily of palliative care such as corticosteroids for the pain, tracheostomy to relieve respiratory difficulties, and surgery to remove the granulomas [4, 6] . Allogeneic bone marrow transplantation (BMT) has been attempted for some Farber patients based on the reasoning that a population of cells with normal enzyme activity could ameliorate the effects of the deficient enzyme [7, 8, 9, 10] . In transplants of two mildly-affected Farber patients (Type 2/3), granulomatous infiltrations were reduced, the hoarseness disappeared, and joint mobility improved [9] . However, earlier transplants on patients with the more common Type 1 Farber disease had limited success. In these studies, BMT lessened the peripheral symptoms but there was no improvement in neurological function and patients died soon after transplant [7, 11] .
Farber disease is an attractive target for gene therapy since it is caused by a single gene defect, and the cDNA of AC has been cloned [12] . In addition, the enzyme is well-characterized [13, 14, 15] . Previous gene therapy studies from our laboratory directed towards this disorder have shown that the enzymatic deficiency in immortalized Farber patient cells could be corrected by transduction with an oncoretrovirus (RV) that engineers overexpression of human AC. That study showed that enzyme secreted from transduced cells could be endocytosed by non-transduced cells through the mannose-6-phosphate receptor pathway and restore enzyme activity [16] . This phenomenon, known as 'metabolic cooperativity' or 'cross-correction' is important for gene therapy applications as it allows for a lower level of functionally transduced cells to have greater therapeutic effect.
There are a number of approaches that have been used to introduce therapeutic genes in vivo. Viral methods using vectors such as retroviruses offer the advantage of long-term gene transfer since the viral DNA can integrate into the host genome and can be transmitted to progeny cells [17] . Our lab and others have shown that transduction of bone marrow-derived cells with a viral vector engineered to overexpress a therapeutic transgene can potentially provide a systemic, circulating source of enzyme [18, 19, 20] . In addition, it has been shown that lentiviral vectors (LV) directly delivered to neonatal Fabry mice can lead to sustained transgene expression in multiple organs [21] .
Here novel retroviral vectors were constructed to engineer expression of human AC and a cell surface marker, human CD25, which can be used to enrich and track transduced cells [22] . These studies demonstrated that AC expression mediated by transduction with these viral vectors can restore enzyme activity in Farber patient cells. They also showed the potential efficacy of using these vectors in vivo in both a hematopoietic stem transplantation model and as a direct viral delivery agent to neonatal mice. These studies suggest that the use of viral vectors that engineer over-expression of AC is a potentially curative treatment for Farber disease.
MATERIALS AND METHODS

Vector Construction
The oncoretroviral vector (RV) employed in this study was made by subcloning the AC cDNA from pG1-ACER [16] into the cloning shuttle vector pSV/IRES/huCD25 and subsequently subcloning the AC/IRES/huCD25 sequence into the pUMFG backbone [18] as follows: mutagenesis was performed using the QuikChange® Site-Directed Mutagenesis Kit (Stratagene, Cedar Creek, TX, USA) to remove an Nco I site from position 1634 of the pG1-ACER vector (primers: 5'-GGT GCA GTT CCC TGG TAC ACC ATA AAT C -3'; 5'-GAT TTA TGG TGT ACC AGG GAA CTG CAC C -3'). Both pG1-ACER and pSV/IRES/huCD25 were digested with Sal I and Nco I (New England Biolabs (NEB), Ipswich, MA, USA). The 1239 bp AC fragment was then ligated into the digested pSV/IRES/huCD25 vector to yield the new vector pSV/AC/IRES/huCD25. This vector was then digested with Nco I and Not I (NEB) to isolate the 2668 bp AC/IRES/huCD25 fragment that was then ligated into the pUMFG backbone to produce the vector pUMFG/AC/IRES/huCD25 (RV/AC/huCD25).
To construct the lentiviral vector (LV), the AC/IRES/huCD25 fragment from the pSV/AC/ IRES/huCD25 shuttle vector was ligated into the pHR' lentiviral backbone [23] . The shuttle vector was mutated to introduce a Bam HI site at position 644 by site-directed mutagenesis (Stratagene) (primers: 5' -ACT CAC TAT AGG GAT CCG CCA TGG CGG GC -3'; 5' -GCC CGC CAT GGC GGA TCC CTA TAG TGA GT -3'). Next, a Bam HI site was removed at position 1842 (5' -AGG TTG GTG AGG GCG AAT CCC CCG GGC TGC -3'; 5' -CGA GCC CGG GGG ATT CGC CCT CAC CAA CCT -3'). The pSV/AC/IRES/huCD25 shuttle vector was digested with Bam HI and Dra I (NEB) to isolate the 2654 bp AC/IRES/huCD25 fragment. The lentiviral vector pHR'EF-GW-SIN (LV/enGFP; provided by Robert Hawley, American Red Cross, Rockville, MD) was prepared by digesting with Bam HI to remove the enhanced green florescent protein (enGFP) cDNA. The AC/IRES/huCD25 fragment was then ligated into the pHR backbone to produce the vector pHR'EF-AC-IRES-huCD25-W-SIN (LV/ AC/huCD25).
Oncoretrovirus production
The pUMFG/AC/IRES/huCD25 vector was transfected into the FLYRD18 packaging cell line [24] by calcium phosphate-mediated transfection using 10 µg of the plasmid and 1 µg of the pGTN28 plasmid that carries the neomycin-resistance cDNA. Stable transfectants were selected using 0.8 mg/ml G418 (Sigma, Oakville, ON, Canada). These cells were stained with a phycoerythrin-conjugated anti-human CD25 antibody (BD Bioscience Canada, Mississauga, ON, Canada) and then sorted by flow cytometry to derive an enriched pool of producer cells and a single cell-derived clone. Viral titer was determined by transduction of HeLa cells with serial dilutions of supernatant from producer cells, followed by measurement of downstream huCD25 expression by flow cytometry. The clone with the highest titer, clone #17, was then used to produce viral supernatant for all experiments that employed the oncoretroviral vector RV/AC/huCD25, except where otherwise indicated. The viral titer of supernatant collected from this clone was typically ~4 × 10 6 IU/ml.
Lentivirus production
Recombinant LV/AC/huCD25 virus was produced by transient transfection of 293T cells with three plasmids: pMD.G (VSV-g envelope), pCMV ΔR8.91 (packaging) and either LV/AC/ huCD25 or LV/enGFP. Transfections of 293T cells were performed using calcium phosphate as previously described [21] . Viral supernatants were concentrated 300-fold by centrifugation at 50,000 × g for 2 h at 4°C. Viral titer was determined as previously described [21] and was typically in the range of 1-3 × 10 8 IP/ml after concentration.
Viral transduction of Farber cells
Immortalized Farber patient skin fibroblasts and B cells [16] were maintained in DMEM and RMPI 1640 (both Sigma), respectively, supplemented with 10% fetal calf serum (PAA Laboratories, Rexdale, ON, Canada), 2 mM L-glutamine, 1% sodium pyruvate, and 1% penicillin-streptomycin (all Sigma). Using RV/AC/huCD25, Farber fibroblasts were transduced three times with supernatant from an enriched pool of producer cells (MOI of 20) while B cells were transduced once with supernatant from clone #17 (MOI of 8). B cell transductions were performed in fibronectin-coated (5 µg/cm 2 ; Roche, Mississauga, ON, Canada) plates. For experiments employing the LV vector, Farber fibroblasts were transduced once with unconcentrated virus at an MOI of ~1, while the B cells were transduced once with concentrated virus at an MOI of 50. All transductions were performed in the presence of 8 µg/ ml protamine sulfate (Sigma). The transduced B cell pools were then enriched by magneticactivated cell sorting (MACS) using magnetic beads conjugated to the anti-CD25 antibody and MS + columns (both from Miltenyi Biotech, Auburn, CA, USA).
Ceramide turnover studies and AC activity assays AC activity in intact cells was evaluated by studying lysosomal ceramide degradation as previously described [25] . Briefly, transduced cells, non-transduced (NT) Farber cells, and normal cells were pulsed with [ 3 H-ceramide]-sphingomyelin (labelled on both the sphingosine and fatty acid moieties). The substrate is first cleaved by acidic sphingomyelinase to generate labelled ceramide. In the presence of AC, ceramide is degraded to sphingosine and fatty acid, which are then immediately incorporated into glycerolipids (e.g., phosphatidylcholine, phosphatidylethanolamine, cholesteryl-esters and triacylglycerols) and sphingolipids (eg. sphingomyelin and GM3) as described previously [26, 27, 28] . Lipids were extracted and resolved by analytical thin layer chromatography (TLC) 48 h after pulsing. The distribution of the radioactivity on the plate was analyzed using a Berthold LB 2832 radiochromatoscan. Additionally, ceramide and other lipid fractions were scraped off the plate for direct liquid scintillation counting. The percentage of radioactive ceramide out of total labelled ceramide metabolites (except sphingomyelin) was calculated from the radioactivity of each fraction.
In mice treated by direct virus injection, AC activity was assessed using a modified, fluorescence-based HPLC method. Organs were first homogenized in 0.25 M sucrose. Then, equal volumes of organ lysate and substrate buffer (0.2 M citrate/phosphate (pH 4.5), 0.2 mM Bodipy-labeled C5-ceramide (Molecular Probes, Burlington, ON), 0.5% sodium taurocholate (Sigma), 0.2% Igepal CA-630 (Sigma), 0.1% BSA, 0.3 M NaCl) were co-incubated for 6 h at 37°C. Samples were then evaluated as previously described [29] .
Ceramide quantitation
Intracellular ceramide levels were measured using E. coli diacylglycerol (DAG) kinase and [γ 32 P]ATP as described [16] . Briefly, lipids were extracted from cell lysates by the Folch method [30] and subjected to mild alkaline hydrolysis using NaOH for 2 h at 37°C. The solution was then neutralized and lipids extracted using chloroform/methanol (2:1, v/v). Lipids were then incubated with sn-l,2-diacylglycerol kinase and [γ 32 P]ATP as described [31] . Lipids were resolved by TLC as above. Ceramide-[ 32 P]-1-phosphate was quantified by scraping the band from the TLC plate and analyzing the fraction by liquid scintillation counting.
Metabolic cooperativity studies
Non-transduced Farber patient fibroblasts were cultured for 48 h in filtered media harvested from the following cell lines: non-transduced Farber fibroblasts, RV-or LV-transduced Farber fibroblasts, and normal fibroblasts. Cells were then pulsed with [ 3 H-ceramide]-sphingomyelin for 24 h and the enzyme activity in each cell population was determined as described above (see AC activity assay).
Western blot
Fibroblasts were grown for 24 h in serum-free medium, then washed with PBS and harvested. Cell pellets were resuspended in 0.1 ml of ice-cold PBS containing 10% glycerol, 1% Triton X-100, 1 mM NaVO 4 , 10 mM NaF and a protease inhibitor cocktail (Roche, Mannheim, Germany), and further lysed by brief sonication. Samples were centrifuged at 10,000 g for 10 min. Supernatants were collected and protein content was determined by the Bradford method (BioRad, Munich, Germany). The culture medium was collected and concentrated 8x using Nanosep 10K centrifugal devices (Pall Gelman Laboratory, Ann Arbor Michigan, USA). Proteins (50 µg of cell lysates, or 20 µl of concentrated media) were separated on a 12.5 % polyacrylamide gel. After transfer onto a nitrocellulose membrane, immunoblotting was performed using a rabbit polyclonal anti-acid ceramidase antibody (a kind gift from Dr. K. Sandhoff, Bonn, Germany).
Infection of HSPCs
CD34 + cells were obtained from AllCells, LLC (Berkeley, CA). Cells were pre-stimulated for 12 h in StemSpan SFEM medium (Stem Cell Technologies, Vancouver, BC, Canada) supplemented with recombinant human SCF, Flt3-L, thrombopoietin (all at 50 ng/ml), and IL-6 (20 ng/ml). All cytokines were obtained from R&D Systems Inc. (Minneapolis, MN, USA). Cells were then transduced with virus in the presence of cytokines and 8 µg/ml protamine sulfate. Transductions were performed in 6-well plates coated with RetroNectin CH296 (10 µg/cm 2 ; Takara Shuzo, Otsu, Japan) in a total volume of 2 ml/well at a concentration of 0.5 × 10 6 cells/ml. For parallel comparison of infections on different sources of HSPCs, cells were infected with LV/AC/huCD25 at an MOI of 40. The cord blood-derived cells used for in vivo transplantation were infected with LV/AC/huCD25 or LV/enGFP at an MOI of 2 and 10 respectively. Cells were then washed twice in PBS and either re-cultured in StemSpan supplemented with cytokines, plated into Methocult™ H4434 (Stem Cell Technologies), or resuspended in PBS for transplantation.
Human cord blood transplantation in NOD/SCID mice-Mice were obtained from Taconic (New York, NY, USA) and were bred and maintained at the UHN Animal Resource Centre. Animal experimentation protocols were approved by the UHN Animal Care Committee. Mice were irradiated at 350 cGy and injected with 200 µg of anti-CD122 antibody into the intraperitoneal cavity 24 h prior to transplantation [32] . The anti-CD122 monoclonal antibody was used to clear any residual natural killer cells in vivo [33] and was purified from the TM-β1 hybridoma cell line (a gift from Dr T. Tanaka, Osaka University Medical Center, Osaka, Japan), using the High Trap Protein G Column (GE Healthcare). Transduced CD34 + cells were then injected into the animals via the tail vein (1.65 × 10 6 and 2.4 × 10 6 cells/mouse for AC and enGFP groups respectively). Six weeks later, peripheral blood (PB) was collected and the mice were sacrificed. Bone marrow (BM) was flushed from the tibia and femur of both hind legs and splenocytes were harvested by crushing the spleen through a nylon mesh. Engraftment of human cells was assessed by flow cytometry of living nucleated cells from the PB, BM and spleen; dead cells were excluded by staining with 7-amino-actinomycin D (Sigma). Cells were stained with antibodies against human CD45 (BD Bioscience Canada) and functional transgene expression was assessed by flow cytometry for either huCD25 or enGFP.
Assessment of vector positive cells
Cells were taken from methylcellulose colonies by aspiration using a micropipettor. Cells were lysed in 10 µl of lysis buffer (50 mM KCl, 10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl 2 , 0.1% gelatin, 0.45% Tween-20, 0.45% Nonidet-P40, 125 µg/mL proteinase K) and incubated at 55°C for 2-16 h. 1 µl of lysate was then used for PCR using the primers specific for the viral vector (ACnest-FP: 5' -gaaacttacctgcgggactg -3' and ACnest-RP: 5' -acaccggccttattccaag -3') or for the human GAPDH gene (huGAPDH-FP: 5' -accgtcaaggctgagaaacgg -3' and huGAPDH-RP: 5' -acgtactcagcgccagcatc -3'). Cycling conditions were as follows: 94 °C for 45 s, 63°C for 30 s, 72 °C for 15 s.
Delivery of LV to neonatal mice
One-to two-day-old C57BL/6 mice (The Jackson Laboratories, Bar Harbor, MI) were injected via the superficial temporal vein with either LV/enGFP (6.65 × 10 7 IP/5,000 pg p24/mouse) or LV/AC/huCD25 (4.75 × 10 7 IP/10,000 pg p24/mouse) in a volume of 100 µl of sterile PBS. Mice were analyzed at weeks 7, 10 and 14 for the expression of soluble human CD25 (sCD25) in the plasma. Plasma was isolated from mouse PB samples by centrifugation at 16,000 × g for 20 min. The level of sCD25 was measured by a direct ELISA using the BD OptEIA™ Human IL-2 sRα ELISA Set (BD Bioscience Canada) as per the manufacturer's instructions. Each sample was measured in triplicate. Mice were sacrificed at 14 weeks post-virus injection, organs were harvested and AC activity was measured as above.
RESULTS
RV-and LV-transduced Farber patient cells express human CD25 and have restored AC activity
We first tested the efficacy of the novel recombinant viral vectors to transduce immortalized Farber patient fibroblasts and B cells. No huCD25 expression could be detected on nontransduced (NT) Farber patient fibroblasts, however, cells transduced with the recombinant RV and LV were ~100% and 87% positive for huCD25, respectively (Fig. 1a) and stably expressed the marker over time. Non-transduced B cells showed low levels of huCD25 expression (2.5%) but once transduced with RV/AC/huCD25, approximately 26% of the cells were positive for huCD25 (data not shown). Sorting of this pool enabled enrichment of the huCD25-expressing population to ~88% (Fig. 1b) . Similar results were obtained when cells were transduced with LV/AC/huCD25 (Fig. 1b) .
In order to determine if functional AC is expressed after transduction, ceramide degradation was then measured. Cells were pulsed with [ 3 H-ceramide]-sphingomyelin and 48 h later, lipids were isolated from the cells and analyzed by TLC. In non-transduced Farber fibroblasts, ceramide comprised ~83% of the sphingomyelin metabolites while normal fibroblasts contain only 18%. Those values reflect previous data [16, 27, 34] . Transduction with the recombinant RV and LV reduced the ceramide fraction to 11% and 10%, respectively (Fig. 2a) . Similar results were seen in the Farber B cells; ceramide levels were reduced from 72% to 14% and 33% in RV/AC/CD25-and LV/AC/CD25-transduced pools, respectively (Fig. 2c) .
In another assay, intracellular ceramide levels were also measured in transduced and control cells using E. coli diacylglycerol (DAG) kinase and [γ 32 P]ATP. DAG phosphorylates ceramide to produce ceramide-1-phosphate. In the presence of [γ 32 P]ATP, the ceramide-1-phosphate is radiolabelled and can be quantified by liquid scintillation counting. As seen in Figure 2b , while non-transduced Farber fibroblasts store large amounts of ceramide, there was ~90% reduction in ceramide storage in RV-and LV-transduced fibroblasts. Transduction of Farber B cells with both vectors resulted in ~50% reduction of ceramide storage (Fig. 2d) . These results collectively demonstrate that transduction with the recombinant retroviral vectors results in restoration of the AC activity in Farber patient cells.
Metabolic cooperativity occurs between AC-transduced and NT Farber patient fibroblasts
We next tested the ability of AC derived from therapeutically transduced cells to be taken up by non-transduced cells. This phenomenon of metabolic cooperativity is an important concept in gene therapy, especially as directed towards LSDs, since it enables a smaller number of transduced cells to have wide therapeutic effect. Non-transduced Farber fibroblasts were cultured for 48 h in conditioned media harvested from the following cell lines: non-transduced Farber fibroblasts, Farber fibroblasts transduced with RV and LV, and normal fibroblasts. Cells were then pulsed with [ 3 H-ceramide]-sphingomyelin and the ceramide content in each cell population was determined. While media from normal fibroblasts reduced ceramide levels from 80% to only 60%, incubation with media from the RV and LV-transduced cells reduced ceramide content to approximately 20% and 40% of sphingomyelin metabolites, respectively (Fig. 3a) , a level that is comparable to that observed in normal fibroblasts (see Fig. 2a ). To confirm the secretion of AC into the cell supernatant, Western blot analysis was performed on both cell lysates and culture medium of the fibroblasts. It was found that both RV-and LVtransduced fibroblasts over-express and secrete a large amount of AC into the culture medium (Fig. 3b) . However, although transduced cells contained proteolytically processed AC (as indicated by the presence of the 13 kDa alpha-subunit), RV-transduced fibroblasts produced more AC precursor (55 kDa form) than the LV-transduced cells. The secreted AC was likely taken up by non-transduced fibroblasts, enabling restoration of enzymatic activity as demonstrated in Fig. 3a .
Transplantation of LV/AC/huCD25-transduced CD34 + cells can re-populate recipient animals
We then wanted to assess the effect of transduction and AC-overexpression on the engraftment and repopulation potential of human hematopoietic cells, as would be used in a patient. CD34 + cells derived from human umbilical cord blood, BM and mobilized peripheral blood (mPB) were transduced with LV/AC/huCD25 (MOI ~40) since these are all potential sources of HSPCs that can be used for transplantation. Following transduction, CD25 expression was assessed by flow cytometry and it was found that all populations were transduced with similar efficiency (Fig. 4) . Transduced cells were seeded in methylcellulose to determine their ability to generate multiple lineages of hematopoietic colonies. It was found that all populations generated colonies derived from erythroid, granulocyte and macrophage precursors within normal proportions and with similar frequency to their non-transduced counterparts (data not shown). When granulocyte/macrophage colonies were assessed by PCR to determine the presence of vector, it was found that vector-positive colonies were more abundant in the cord blood-derived population (14/46; 30%) compared to the cells derived from the bone marrow (5/70; 7%) and mPB (0/52; 0%). This is likely due to the higher percentage of more primitive HSPCs found in cord blood [35, 36] . As such, CD34 + cells derived from human umbilical cord blood were used for in vivo transplants.
CD34 + cells were transduced with either LV/AC/huCD25 or LV/enGFP and transplanted into sub-lethally irradiated NOD/SCID recipient mice. These animals are immuno-deficient and can thus accept xenografts [37] . Six weeks post-transplantation, BM, splenocytes, and PB were harvested. Human cell engraftment was assessed by flow cytometry to detect the human panhematopoietic marker CD45. It was found that, on average, human chimerism in the BM was 65% and 49% for the LV/AC/huCD25 and LV/enGFP-transduced groups, respectively (Table 1) . Further, in mice transplanted with LV/AC/huCD25, it was found that ~0.41% of the human cells expressed the downstream marking transgene huCD25. Expression of this surrogate marker has been shown to be correlated with functional transgene expression [20, 21] . It is also important to note that this marker allows an evaluation of transgene expression even in enzymatically normal cells in which changes above background AC activity may be hard to detect. In addition, analysis of the BM harvested from transplanted mice by flow cytometry and by colony-forming assays showed the presence of both lymphoid and myeloid cells (data not shown). Therefore, it appears that CD34 + cells transduced with an LV that engineers overexpression of AC are able to reconstitute an irradiated recipient and can give rise to all lineages of hematopoietic cells, suggesting that the repopulation ability of these cells is not impaired following transduction with our viral vector.
Neonatal LV delivery engineers persistent expression of downstream marking transgene
Treatment of neonatal recipients offers several advantages that include exploiting an incompletely formed blood-brain barrier and an immature immune system, as well as the possibility of administering treatment before irreversible organ and neurological damage has occurred as a result of the disease. In proof-of-principle experiments, one-to three-day-old C57BL/6 mice were treated with either LV/AC/huCD25 or LV/enGFP. No adverse effects were seen in treated animals and mice developed normally. PB was harvested at weeks 7, 10 and 14 16 post-viral delivery and plasma levels of sCD25 were measured by ELISA. As shown in Fig. 5a , at 7 weeks post-treatment all mice treated with LV/AC/huCD25 showed high levels of sCD25 in the plasma and three of six mice showed persistent levels of sCD25 up to 14 weeks post-viral delivery. As expected, untreated mice and animals treated with LV/enGFP showed no detectable levels of sCD25. In addition, it was found that the livers of mice treated with LV/ AC/huCD25 showed increased AC activity over both non-treated mice and mice treated with LV/enGFP (Fig. 5b) . This proof-of-principle experiment shows the potential utility of treating Farber disease shortly after birth, a time that may be critical to preventing irreversible organ and neurological damage.
DISCUSSION
Current treatment for Farber disease consists mainly of symptomatic supportive care since enzyme replacement therapy is not available as it is for some other LSDs [38] . While BMT can relieve some of the symptoms of the disease, it is only available to patients with matched donors and it does not relieve the progressive neurological deterioration that is seen in the majority of patients affected with this disease [4, 7, 9] . Therefore, the prognosis for Farber patients remains poor and the development of novel treatments remains important.
Virus-mediated gene therapy offers the potential for a one-time curative treatment since integrating vectors such as retroviruses have the ability to persist long-term in transduced cells and their progeny. We have previously shown in vitro that infection of Farber patient cells with an RV engineering expression of AC could restore enzymatic activity [16] . Here we show similar in vitro results using novel recombinant RV and LV that we developed and expand those results to the testing of our viral vectors in vivo. As a complete deletion of the AC gene is embryonic lethal [39] and the heterozygous animals are not widely available, we developed surrogate models for in vivo testing of gene therapy strategies for the treatment of Farber disease. To our knowledge, this is the first report of such studies.
The recombinant RV used in these experiments is based on a viral backbone that has been shown to result in higher transgene expression [40] than the pG1-ACER vector we previously developed [16] . The virus is also pseudotyped with a more clinically-relevant envelope that is not inactivated by human sera [24] .
Although not yet as widely used in humans as RVs are, a recombinant LV was developed since its ability to transduce more slowly-dividing cell populations and the broad tropism offered by the VSV-g envelope make it a useful vehicle to target cells such as hematopoietic stem/progenitor cells (HSPCs) and certain neural cells [41] . In both vectors, we also included the huCD25 cell surface marker that we have used in previous studies to enrich for and track transduced cells [21, 22] . In addition, in recent studies we have shown that huCD25 could be used as a target antigen to eliminate therapeutically transduced cells in the event of insertional mutagenesis and the development of leukemia [42] .
To confirm that the viral vectors constructed could infect cells and produce functional enzyme, we transduced Farber patient B cells and fibroblasts. We could detect high levels of huCD25 expression from transduced cells and were able to use the huCD25 marker to enrich the pool of transduced B cells. Measurement of AC activity showed that transduced cells had significantly increased enzyme activity and decreased ceramide storage following transduction. We also showed that functional enzyme was secreted and could be taken up and utilized by non-transduced cells. Previous studies have shown that this uptake is mediated by the mannose-6-phosphate receptor and can be blocked by co-incubation with mannose-6-phosphate [43] . Western blot analysis of cell lysates and culture medium from the fibroblasts used in this experiment further demonstrated the benefit of engineering cells to over-express the therapeutic protein. Transduced cells secrete a large excess of AC while secretion from normal fibroblasts is minimal. This is likely to lead to greater therapeutic benefit in vivo compared to transplants that utilize cells from normal donors.
The transduction of HSPCs is an attractive option for treating a number of LSDs since these cells can provide a circulating source of the therapeutic factor. Moreover, HSPCs self-renew and cells of the hematopoietic lineage can migrate from the circulation into tissues throughout the body, including the liver, kidney, spleen, heart and lungs [8, 20] . It has also been shown that transplanted HSPCs can repopulate the brain as resident microglial turnover [44] . The ability to target multiple organs is important for Farber disease since along the spectrum of the disorder, multiple tissues are affected by granulomatous infiltrations including the joints, liver, spleen, lymphoid tissue, lungs and brain [4, 45] .
In order to test the effect of transduction on the engraftment of human cells, we used the NOD/ SCID xenotransplantation model [46] that is commonly used to assess human cell engraftment. We used CD34 + hematopoietic cells since they are a prime target for treatment of patients with Farber disease. We transduced CD34 + cells with LV/AC/huCD25 and transplanted them into irradiated NOD/SCID mice. We achieved high levels of human cell engraftment as assessed by measurement of CD45 expression and found that engrafted cells expressed the huCD25 marking gene in the bone marrow.
We also investigated the effect of delivering an LV expressing AC and huCD25 directly to neonatal animals. At the neonatal stage, the blood-brain barrier is not fully formed and the immune system is not fully developed [47] . These physiological properties may contribute to the efficacy of treatment since delivery to the brain will be increased and tolerance to the transgene can be induced. In addition, when treatment is administered before symptoms appear, it may prevent irreversible neurological damage from occurring. In this aspect of the study, we injected normal neonatal mice with LV/AC/huCD25 and found that up to 14 weeks postinjection, sCD25 was detected in the plasma, suggesting the persistence of vector and longterm transgene expression. Non-treated mice did not have any detectable levels of sCD25 (data not shown). Therapeutic transgene expression was further evidenced by the increased AC activity found in the livers of mice treated with LV/AC/huCD25 as compared to wild-type mice.
The results of these studies represent significant progress towards the development of gene therapy strategies for Farber disease. Therapeutic vectors can be delivered in a number of ways. The use of transduced HSPCs can provide a circulating source of enzyme and the progeny can differentiate into cells that reside throughout the body, such as microglia in the brain [48] . Neonatal delivery of virus via the temporal vein also been shown to result in transduction of numerous cell types. It is hypothesized that this treatment strategy may result in better transduction in the brain than HSPC transplantation and thus have a greater effect on the neurological effects of the disease. Further, improved delivery to the brain could possibly be achieved by using vascular endothelial growth factor to further permeabilize the blood brain barrier as previously reported [49] . However, this approach is limited by the requirement of early diagnosis e.g., after prenatal diagnosis or, when available, newborn screening for LSDs. Studies are also underway in our laboratory that will examine the safety of using the recombinant LV we have developed here in a non-human primate model.
FIG. 1. huCD25 expression on transduced, immortalized Farber patient cells
Farber patient fibroblasts (A) and B cells (B) were transduced with either the oncoretrovirus (RV) or lentivirus (LV) engineered to express both human AC and CD25. Cells were stained with anti-huCD25-PE antibody and analyzed by flow cytometry. NT: non-transduced. CD34 + cells from human umbilical cord blood, bone marrow and mobilized peripheral blood were transduced with LV/AC/huCD25. CD25 expression was assessed by flow cytometry using a PE-conjugated anti-CD25 antibody.
FIG. 5. Transgene expression following direct LV delivery to neonatal mice
(A) One-to three-day-old neonatal animals were injected with LV/AC/huCD25 or LV/enGFP via the temporal vein. Plasma was collected from the PB at weeks 7, 10 and 14 post-viral delivery. The levels of sCD25 were measured by ELISA. Results are presented for each LV/ AC/huCD25-treated mouse in the study. LV/enGFP and untreated mice showed no detectable levels of sCD25 (data not shown). (B) At 14 weeks post-viral delivery, mice were sacrificed and AC activity was measured in the organs. Shown are the results of liver enzyme activity. Values are represented as means ± SEM. For LV/AC/huCD25-treated and non-treated mice, n = 6; for LV/enGFP-treated mice, n = 7. Other organs showed no significant increase in AC activity over normal background levels (data not shown). * p < 0.05. 
